The FixL proteins are biological oxygen sensors that restrict the expression of specific genes to hypoxic conditions. FixL's oxygen-detecting domain is a heme binding region that controls the activity of an attached histidine kinase. The FixL switch is regulated by binding of oxygen and other strong-field ligands. In the absence of bound ligand, the heme domain permits kinase activity. In the presence of bound ligand, this domain turns off kinase activity. Comparison of the structures of two forms of the Bradyrhizobium japonicum FixL heme domain, one in the ''on'' state without bound ligand and one in the ''off'' state with bound cyanide, reveals a mechanism of regulation by a heme that is distinct from the classical hemoglobin models. The close structural resemblance of the FixL heme domain to the photoactive yellow protein confirms the existence of a PAS structural motif but reveals the presence of an alternative regulatory gateway.
An increasing number of biological sensors are being discovered that monitor the presence of physiologically important gases by way of heme cofactors. These include the FixL protein of Rhizobia, the soluble guanylyl cyclase of vertebrates, and the CooA protein of Rhodospirillum rubrum that sense O 2 , NO, and CO, respectively (1) (2) (3) . The signaling mechanisms of these heme-based sensors are of considerable interest, since they must ultimately regulate DNA binding or enzymatic activities. The FixL protein has especially broad relevance because this modular protein contains a histidine kinase domain belonging to the large class of two-component regulatory systems, whereas the heme-binding sensory domain belongs to the PASdomain superfamily (1, (4) (5) (6) (7) (8) .
PAS domains occur in many sensory proteins spanning all three major kingdoms of life: Bacteria, Archaea, and Eukarya (8) (9) (10) . These domains contain a small number of conserved amino acids within a sequence of about 90 residues. Several PAS-domain proteins are known to detect their signal by way of an associated cofactor (1, 11, 12) . The only available structure of a PAS domain is that of the small photoactive yellow protein (PYP), which has been proposed as a prototype for a conserved PAS fold (9, 12) . If the PYP fold is a prototype, then how does the same fold bind cofactors as varied as heme, flavin, or a 4-hydroxycinnamyl chromophore and use them to detect oxygen, redox, or light? (1, 11, 12) . Does signal detection induce an analogous rearrangement of the domain in every case? Must this sensory domain interact with a structurally conserved class of transmitter domains or proteins? Comparisons of the structures of several PAS domains in their activating and inactivating conformations, together with knowledge of their cognate transmitters, should shed light on these questions.
The heme domain of FixL regulates a histidine kinase domain that transduces its signal by a conserved phosphoryl transfer mechanism (5, 6) . Deoxy-FixL (Fe 2ϩ ), but not oxyFixL (Fe ϩ2 O 2 ), autophosphorylates at a histidine with a ␥-phosphate from ATP. In Rhizobia, the transfer of this phosphoryl group to the transcription factor FixJ triggers a cascade of gene expression required for nitrogen fixation (4, 13, 14) . A spin-state switching mechanism has been proposed for FixL regulation, in which binding of strong-field ligands to the heme iron inactivates the kinase (15) . Consistent with this mechanism, cyanide inactivates ferric FixL proportionately to the saturation of the heme with this ligand and in a manner analogous to the oxygen inactivation of ferrous FixL.
We have determined the three-dimensional structures of the met (Fe 3ϩ ), ''on,'' and cyanomet (Fe 3ϩ CN Ϫ ), ''off'', forms of a monomeric 14.9-kDa Bradyrhizobium japonicum FixL heme domain (BjFixLH) by x-ray crystallography. These structures reveal a novel heme-binding fold and biological mechanism for sensing of physiological heme ligands. They shed light on the versatility of the PAS motif as a switching mechanism in signal transduction systems and the interactions that occur between this class of sensory domains and the histidine kinase transmitter domains.
Abbreviations: BjFixLH, Bradyrhizobium japonicum FixL heme domain; MAD, multiwavelength anomalous diffraction; PAS, an acronym formed from the names of the first proteins recognized as sharing this sensory motif, i.e., the period clock protein of Drosophila, the aryl hydrocarbon receptor nuclear translocator of vertebrates, and the single-minded protein of Drosophila; PYP, photoactive yellow protein. the vapor diffusion method and achieved their final size within 1 month. Crystals of a platinum derivative were obtained by soaking native crystals with a mixture of 5 mM di--iodobis(ethylenediamine)diplatinum (II) nitrate and 5 mM potassium tetracyanoplatinate for 4 days. Cyanomet-BjFixLH crystals were obtained by treating the met-BjFixLH crystals with cyanide (5 h in 10 mM KCN͞4.5 M NaCl͞5% 2-methyl-2, 4-pentanediol͞0.1 M Hepes buffer at pH 7.5); within several minutes, the color of the crystals changed from orange red (met-BjFixLH) to cherry red (cyanomet-BjFixLH). Before data collection, the crystals were transferred stepwise to solutions of reservoir buffer containing increasing amounts of glycerol up to a maximal concentration of 40% (vol͞vol). The crystals were lifted onto small nylon loops at the end of mounting pins and cooled at 100 K in a stream of nitrogen.
Diffraction data were collected at beamline X4A at the National Synchrotron Light Source in Brookhaven, NY, by using a RAXIS 100 detector. The crystals belong to the space group R32 with unit cell dimensions a ϭ b ϭ 128.8 Å, c ϭ 58.9 Å, and one BjFixLH per asymmetric unit. Multiwavelength anomalous diffraction (MAD) data were collected at four different wavelengths, corresponding to the inflection point of the Fe edge (1.7386 Å), the maximum of the peak above the edge (1.7379 Å), and two remote points at higher energy (1.6984 Å and 1.4938 Å). Pt and cyanomet-BjFixLH data were collected at the remote wavelengths. Data processing and reduction were performed by using DENZO and SCALEPACK (18) .
Structure Determination and Refinement. The crystallographic results are summarized in Table 1 . The phases were determined by using the program PHASES (19) by a combination of MAD phasing at the iron edge to take advantage of the mononuclear iron site, and isomorphous and anomalous phasing from a platinum derivative. Both the MAD and derivative data were required to obtain interpretable maps. The heme iron site was located from the Nat2 anomalous Patterson map and confirmed from the Nat3-Nat1 difference Patterson map. MAD phasing was carried out by treating the data as multiple isomorphous replacement and anomalous datasets: native with native anomalous scattering (Nat1-ano), derivative anomalous (Nat2-ano), and derivative isomorphous with anomalous scattering (Nat3-iso, Nat3-ano, Nat4-iso, and Nat4-ano). For the platinum derivative, three Pt sites with low occupancy were located by difference Fourier methods by using the initial MAD phase and then were included in the final phase calculation and refinement. The phases were further improved by solvent flattering with the PHASES program. At this stage, the electron density was clear enough to locate the heme and trace most of the backbone.
The model building and structure refinement were carried out by the programs O and X-PLOR (20, 21) . Eight percent of the data were set aside for calculation of the free-R factor (22) . The first residues at the N terminus of the met-BjFixLH were not observed and are presumably disordered. A flat bulk solvent correction and an overall anisotropic B-factor scaling were applied to the data. Solvent molecules were found from the 3 Fo-Fc map. Pro 195 was found to be a cis-proline. The structure of cyanomet-BjFixLH was solved by using the refined met-BjFixLH model. The Fo-Fc map revealed obvious structural shifts from residues 211 to 215 and additional density in the distal heme pocket consistent with cyanide binding. The structures of met-and cyanomet-BjFixLH were determined to 2.4 Å and 2.7 Å resolution, respectively, assessed by using the program PROCHECK (23) . All stereochemical parameters were within the acceptable ranges. Figures were prepared with the programs XTALVIEW (24) , MOLSCRIPT (25) , and RASTER 3D (26) .
RESULTS AND DISCUSSION
The Protein Fold. Unlike the more commonly studied classes of heme proteins (myoglobin, cytochrome c, cytochrome P450 CAM) that are mainly ␣-helical, the dominant structural feature of the FixL heme domain is a five-stranded antiparallel ␤ barrel ( Figs. 1 and 2 ). The overall fold of BjFixLH can be described as a left-handed glove that encloses a heme cofactor. The fingers are formed primarily from the ␤ barrel (residues 155-168 and 235-255), the palm from ␣-helical loops (residues 170-215), and the thumb from ␤ sheets (residues 220-234). The only distortion from the closed hand is the C-terminal helix that protrudes from one of the fingers of the ␤ barrel and leads into the kinase domain. This glutamine-rich helix corresponds to the region often called the Q-linker. The heme is cusped within the left side of the glove. This fold may help to explain the ubiquitous nature of PAS domains over a wide variety of kingdoms and sensory systems. Just as a hand can enclose a variety of objects, the PAS fold appears able to accommodate many chemically diverse cofactors.
The Heme Pocket. Met-BjFixLH contains a pentacoordinate heme iron, with the imidazole side chain of His 200 providing its axial ligand and no other ligands coordinating the heme. As expected for pentacoordinate hemes, the porphyrin ring appears significantly puckered. The heme propionate six hydrogen bonds to the backbone NH's of residues 214-216, and the heme propionate seven forms salt bridges with the side chains The ligand binding site is hydrophobic but fairly accessible by means of an entryway marked by three water residues that interact with Arg 220. The hydrophobic interior near the ligand binding site is bounded by the side chains of Leu 236 and Ile 238 on ␤ sheet H ␤ , and by Ile 215. Comparison of the BjFixLH structure with myoglobins and hemoglobins reveals considerable differences in the protein secondary structures overall and the regions surrounding the heme. Hence, one would predict little or no similarity in their binding sites. Remarkably, alignment of the central heme and the bound histidine of BjFixLH and Glycera dibranchiata hemoglobin, which also has a distal (E7) leucine instead of the more common histidine, reveals some surprising similarities (Fig. 3) (27) . Two of the hydrophobic groups on a ␤ strand within the distal pocket of BjFixLH, Leu 236, and Ile 238 are positioned analogously to Leu 58 (E7) and Val 62 (E11) of G. dibranchiata hemoglobin, respectively. The other residue in BjFixLH that is close enough to interact with bound ligands, Ile 215, is part of a critical loop involved in the regulatory signal. The presence of this additional residue results in a slightly smaller hydrophobic distal pocket for BjFixLH. The close similarity of the relative orientations of the histidine ligand and the two distal side chains, in these two clearly evolutionarily distant oxygen binding proteins, raises the question whether there are also electronic effects associated with oxygen binding that nature is able to exploit. Consistent with these observations, the ligand binding pocket of the nitric-oxide transport protein from a bloodsucking insect also reveals these features (Fig. 3) Inf luence of the Heme Pocket Structure on Ligand Binding. The highly apolar heme binding pocket in FixL is consistent with spectroscopic and ligand binding properties that are in some respects much simpler than those of most myoglobins (17, (29) (30) (31) (32) (33) . Because there are no polar side chains within hydrogen bonding distance of the ligand, stabilization from polar residues does not contribute to the binding energy. Although the oxygen affinities of FixLs are in the range expected for an apolar distal heme pocket, the association and dissociation rate constants are vastly slower (34, 35) . Nitric oxide, whose binding kinetics are also governed primarily by the reactivity of the heme iron, binds slowly to FixL (Table 2 ). In contrast, imidazole, whose association rate is principally determined by steric access, binds very rapidly to FixL (32) ) , and E. coli (Ec FixL), the NifL flavoprotein from Azotobacter vinelandii (Av NifL), the bacterio-opsin activator protein from Halobacterium halobium (Hh Bat), the PYP from Ectothiorhodospira halophila (Eh PYP), and the hypoxia-inducible factor-1␣ from humans (Hs HIF-1␣) (4, 8, 9, 16, 38, 39) . The S1 and S2 boxes (large boxes), conserved PASdomain residues (bold type), sites of cofactor attachment (italics), ␣-helices (blue), and ␤-sheets (red) are shown. The secondarystructure assignments for met-and cyanomet-BjFixLH were determined by PROCHECK and DSSP (23, 40) . The proposed naming scheme for secondary-structure regions is indicated below the alignment. The FixL sequences illustrate the conservation of residues specific to the regulatory mechanism. The other proteins were chosen to illustrate the ubiquity of the PAS fold in Bacteria, Archaea, and Eukarya, and the diversity of its functions and cofactors. (8) . A characteristic feature of these domains is two conserved regions termed the S1 and S2 boxes that were first identified from their sequence homology (Fig.  2) . This work describes the first structure of a sensory domain having both boxes. The structure of PYP, which contains only the S1 box sequence motif, has been put forth as a structural prototype for the PAS domain family (9, 12) . Indeed, comparison of BjFixLH and PYP reveals significant structural homology within their PAS domains (Fig. 4) .
A sequence alignment of the FixL and PYP proteins based on their structural homology is depicted in Fig. 2 . The conserved residues that characterize the PAS domains are not involved in the regulatory mechanism for either protein. We suggest that it is likely that these residues act to stabilize the conserved PAS fold. The only interaction of conserved PASmotif residues in BjFixLH is a salt bridge formed by the side chains of Glu 182 and Arg 226, which reside in the S1 box and S2 box, respectively. Because this salt bridge sits over the critical region of the PYP regulatory gateway, we looked carefully for changes in the orientations of these side chains in the ''on'' and ''off'' structures of BjFixLH, but we found none. Although the second ␤ sheet (I ␤ ) of the S2 box leads into the C-terminal ␣-helix and hence to the kinase domain, no significant structural differences were found within the S1 and S2 boxes of met-and cyanomet-BjFixLH.
Although PYP appears to lack the S2 box based on sequence homology, it is structurally similar to BjFixLH (Fig. 4) . One structural difference is within a loop (GH) located between two ␤ sheets (residues 225-231 in BjFixLH, residues 97-102 in PYP). Another difference is that a region of BjFixLH (residues 141-151) that corresponds to the N-terminal cap of PYP (residues 1-25) appears disordered. This disorder may be a consequence of starting the FixL heme domain sequence somewhat later than the analogous PYP sequence. Alternatively, it may reflect a structural difference between the N termini of the two proteins, since BjFixLH shares no conserved motif with PYP over this region. The largest differences, however, occur between residues 189 and 219 of BjFixLH and the corresponding residues 63 to 91 of PYP. This region is localized around the central helix F ␣ (residues 196-210 in BjFixLH and residues of 75-85 in PYP) and arises because of the different cofactors and signaling gateways used by the two proteins. The chromophore in PYP and the heme in BjFixLH are separated by 9 Å and lie on opposite sides of the F ␣ helix. This helix in BjFixLH is significantly shifted relative to PYP because of insertion of the heme that it coordinates at His 200. The regions preceding this helix, residues 63-69 in PYP (189-194 in BjFixLH), form part of the binding pocket of the PYP chromophore. The loop following this helix (residues 211-219 in BjFixLH and 86-91 in PYP) forms the signaling gateway in BjFixLH. These results point to the importance of the central helix F ␣ and the loops that flank it as being the critical regulatory region for the PAS domain family. It appears that the remainder of the PAS fold forms the structural scaffold.
Proposed Nomenclature for PAS Superfamily. The strong structural homology of BjFixLH and PYP, two proteins with distinctly different sequences, confirms the existence of a prototypical fold for the PAS domain (Fig. 4) . The secondarystructure elements are clearly conserved. The ␤ barrel and the ␣-helices form a conserved structural fold with only the major helix F ␣ being shifted in different proteins to accommodate various cofactors and signaling mechanisms. To facilitate discussion, we propose a new nomenclature for the PAS family based on the structural features of these proteins. By analogy to hemoglobins, we suggest that the amino acid residues should be associated with their location in the conserved regions of secondary structures as shown in Fig. 2 , with the secondary structural elements labeled A ␤ , B ␤ , C ␣ , D ␣ , E ␣ , F ␣ , G ␤ , H ␤ , and I ␤ (36) . Each loop would be defined by the secondary structures that flank it (e.g., loop AB). Residues within regions of secondary structure are numbered with respect to the most conserved residue in that feature. The advantage of this scheme is that it greatly facilitates discussion about structural similarity. For example, the first S1 box residue, Ile 165 in BjFixLH and Ile 39 in PYP, would be residue B ␤ 0 in both structures. Similarly, the critical regulatory region could be described for all the PAS proteins as the EFG core.
Mechanism of Signal Transduction. Ultimately it is the molecular mechanism by which FixL transduces its ligand binding signal that is of greatest interest. To resolve this mechanism, we have solved the structures of both met-and cyanomet-BjFixLH. For technical reasons, we chose to compare the ferric species for our initial studies, although the likely species in B. japonicum is ferrous FixL, and the physiological ligand is oxygen or possibly nitric oxide (17) . The redox state does not appear to affect the signaling mechanism. Cyanide induces the same signaling response, and its affinity (K d Ϸ 10 Ϫ6 M) for the heme iron is in fact greater than that of oxygen (K d Ϸ 10
Ϫ4
M for BjFixLH) (15, 31) . Comparison of the met and cyanomet forms shows distinct changes within this heme-binding domain. Whereas the hydrophobic side chains of Leu 236 (H ␤ 4) and Ile 238 (H ␤ 6), on the distal side of the heme iron, shift to accommodate the bound cyanide, the main-chain positions and the orientation of the ␤ strand H ␤ do not change. A third residue, Ile 215, lies to the side of the ligand binding site and is part of the critical loop involved in the regulatory mechanism. This residue shifts slightly when the ligand binds.
The largest changes occur in the FG loop region (Ser 211 to Ile 215) at the surface of the protein (Fig. 5) . The driving force for these changes appears to be a flattening of the porphyrin ring on binding of cyanide. This flattening is transmitted to the protein by means of the interactions between the heme propionates and the N␦1 ring and main-chain nitrogens of His 214. This residue is conserved in all FixLs as histidine or arginine, either of which has a protonated nitrogen that can form a salt bridge to one of the heme propionates. As the heme becomes more planar, the propionates move downward, pushing the histidine Ϸ1.6 Å away from the heme, thereby initiating the protein conformational change.
An interesting feature of this change is that, whereas the movement of the porphyrin is small, it is sufficient to shift the interaction of His 214 to a different carboxylate oxygen of heme propionate 7. In met-BjFixLH, the His 214 N␦1 forms a salt bridge primarily to the propionate O1A, whereas in cyanomet-BjFixLH, this same nitrogen interacts solely with the propionate O2A. The orientation of the carboxylate in met-BjFixLH is fixed by a salt bridge between O2A and Arg 220, a residue that is conserved in all FixL proteins. The propionate O1A also hydrogen bonds to a water molecule. Residue His 214 is clearly important to this mechanism of induced conformational change. This histidine is oriented away from the carboxylate of the heme propionate and must push the main chain with it when it shifts its position.
The contribution of heme propionate 6 to the conformational change is more subtle. Hydrogen bonding of the O1D propionate oxygen shifts from the main-chain NH groups of residues 214-216 to the main-chain NH groups of only His 214. The O2D propionate oxygen, which hydrogen bonds the main-chain NH of His 214 and water in met-BjFixLH, shifts its interaction to the N␦1 of Arg 206 (F ␣ 9), as well as a water, in cyanomet-BjFixLH.
The next important residue in the molecular signaling mechanism is Arg 206 (F ␣ 9). The position of this wellconserved arginine influences the position of Asp 212, which undergoes the largest conformational change of all the side chains. In met-BjFixLH, Arg 206 forms hydrogen bonding and ionic interactions with the main-chain carbonyl and side-chain carboxylate of Asp 212, respectively. In cyanomet-BjFixLH, Arg 206 maintains its hydrogen bond to the Asp 212 mainchain carbonyl, but it can no longer form a salt bridge to the Asp 212 carboxylate because of its interaction with the heme propionate 6. Because of the loss of the salt bridge to Arg 206, Asp 212 rotates around its C␣-C␤ bond so as to form a hydrogen bond to the backbone carbonyl of Thr 210 (F ␣ 13).
Based on the localized conformational changes between the ''on'' and ''off'' states of BjFixLH, one possible model for the signaling mechanism is that the kinase domain interacts with the heme domain around the FG regulatory loop. This interaction would be the most straightforward way for the conformational signal to be transduced from the sensory domain to the kinase domain. Although the C-terminal ␣-helix in the BjFixLH structure is relatively far from the regulatory loop region, the location of this helix may be a consequence of crystal packing forces. By shifting the helix upward toward the rest of the protein, it may be possible to bring the kinase domain sufficiently close to interact with the regulatory loop. Because the full-length B. japonicum FixL protein exists as a dimer, however, it is more likely that the kinase domain of one subunit interacts with the regulatory loop of its partner (17) .
The met-and cyanomet-BjFixLH structures suggest a gateway for signal transfer significantly different from that of the other structurally determined PAS prototype, PYP (12) . Based on the PYP structure, one would predict that the conformational change should occur in the EF loop (residues 189-195 in FixL). This region is quite distant from the structurally determined BjFixLH regulatory site, the FG loop (residues 211-215 in BjFixLH). The sequence alignments of PAS proteins indicate that the FG loop is one of the least conserved regions in the PAS domain (8) . This loop is shorter in PYP than in the vast majority of other PAS-domain proteins, including FixL. Thus this region, whose variability is at least partly responsible for PYP's poor match in the S2 box, may be the site of signal transduction for the larger family of PAS-domain proteins.
The structure of PYP has led some to speculate, by analogy to many signaling systems, that the regulatory region of PYP is a signal-dependent dimerization site (9) . The degree of conservation of that region lends some support to this notion. For example, a tyrosine residue occurs in many PAS proteins at a site where a critical arginine occurs in PYP. It is also possible that, as proposed for FixL, the regulatory domain of PYP interacts with a transmitter. These possibilities will require further study. Given the great versatility of PASdomain-cofactor interactions, their regulatory aspects need not be universally shared or mutually exclusive.
To our knowledge, this study reveals a new mechanism for the initiation of a conformational change by a heme center. In Proc. Natl. Acad. Sci. USA 95 (1998) 15181 both hemoglobin and FixL, binding of strong-field ligands leads to a spin-state change and a motion of the heme iron that necessitates compensatory changes in other parts of the protein (15, 36, 37) . Unlike hemoglobin, where movement of the axial histidine ligand induces the well-known allosteric changes, in FixL the axial ligand is rigidly held. It is the flattening of the porphyrin itself that triggers the changes in conformation. Hence, the FixL proteins represent a distinct class of heme proteins in terms of fold, function, and mechanism. The FixL heme domain, along with PYP, provides structural prototypes for the PAS-domain superfamily. Given that PAS domains are frequently associated with kinase domains of the class found in FixL, the mechanisms of signal transduction discovered for the FixL heme domain structure should have broad relevance.
